Several numerical analyses have been conducted to examine the e¨ects of some state-of-the-art chemistry models on the aerothermodynamic performances of hypervelocity blunt vehicles. At the beginning, the reentry §ight scenario has been de¦ned, and the aeroheating environment has been analyzed, for the achievement of a realistic representation of the §ight trajectory for a preliminary estimation of real gas e¨ects. After the de¦nition of the freestream conditions in which the peak heating occurs, several set of reactions have been analyzed in numerical computations. In this way, it has been possible to carry out a dispersion analysis, due to the aerothermochemical model, of the vehicle §ight scenario. In detail, it has been analyzed the in §uence of the technique for the aerodynamic database de¦nition (engineering, panel, and viscous computations methods) on remarkable parameters like peak heating, thermal load, crossrange, and downrange. Then, the analysis of di¨erent kind of reactions allows to investigate the reaction mechanism and to understand the main dissociation reactions occurring in high energy §ows.
INTRODUCTION
chemistry must be considered [2] . So, a number of questions must be answered as, for example, air modeling e¨ect on atmospheric reentry trajectories. Indeed, it is well known that real gas e¨ects can signi¦cantly in §uence both the aerodynamics and the aerothermodynamics of reentry vehicle [3, 4] . On the other hand, reentry trajectory calculation dictates the determination of vehicle aerodynamics. Therefore, accurate modeling of §ow physics, in particular, §ow chemistry, is mandatory within numerical computation of vehicle reentry scenario [5] . This research topic has been stressed in this paper in the framework of a Low Earth Orbit (LEO) reentry of an Apollo-shaped capsule reentry vehicle. In particular, special attention has been focused to the chemical nonequilibrium e¨ects on the atmospheric reentry and a dispersion analysis of the trajectory due to ¤chemical¥ e¨ects has been performed. Indeed, a realistic representation of the trajectory is fundamental to accurately predict the reentry loading environment that the vehicle has to withstand during descent.
At the beginning, it is necessary to de¦ne both the aerodynamic database (AEDB) and the aerothermodynamic database (ATDB) of the vehicle; to this purpose, di¨erent methodologies can be used such as, for example, the Surface Inclination Methods (SIM) [1] . The aerodynamic database permits to obtain a preliminary assessment of the reentry trajectory and, hence, of its aerothermal environment, once the preliminary reentry §ight scenario is provided. Then, computational §uid dynamics (CFD) analyses were carried out, in the light of space-based and trajectory-based design approaches, to recalculate the AEDB and to re¦ne the reentry trajectory.
The best accuracy can be obtained through the CFD analysis; so, we could think to skip the phase of the solution of the reentry problem through preliminary models and going directly to the CFD analysis [6, 7] . However, high accuracy in modeling §ow and chemistry coupling may result only in a poor increase of accuracy of CFD results, despite the high modeling e¨orts and the increased computational cost. So, one must balance the theoretical and CPU time e¨ort needed to use a more general and sophisticated model against the expected accuracy of the numerical results. To answer this question, a step by step increased-complexity investigation has been carried out, to highlight the in §uence of §ow chemistry e¨ects on capsule aerodynamic performance. To this end, a number of key reentry parameters have been collected, such as the vehicle peak heating, thermal load, crossrange, and downrange, depending on the method of analysis used such as Newtonian, modi¦ed Newtonian, Panel, CFD with perfect gas, CFD with reacting mixture, to have an idea of the incidence of the approximation used in the calculation.
In conclusion, the work con¦rms that high temperature transport phenomena markedly in §uence the §ow¦eld around the vehicle and, in turn, capsule aerodynamics, but it also stresses that with an acceptable loss of results accuracy, it is not needed to use the models of so high complexity, thus saving much computing time.
During the reentry, the capsule falls in the Earth£s atmosphere travelling at hypersonic speed for most of the reentry time. In these conditions, the aerodynamic forces are mainly e¨ected by the pressure and can be easily estimated with approximated methods, like those of the Impact Newtonian Theory [2] .
In the next section, the results obtained through the analytical formulas of the Newtonian theory will be compared with those computed with panel method, by means of the SIM code developed at CIRA. The pressure acting on each panel is valued through several compression/expansion methods such as tangent cone, Newtonian, and modi¦ed Newtonian. Starting from the preliminary assessment of capsule aerodynamics, the reentry scenario shown in Fig. 1 is provided for the capsule vehicle shown in Fig. 2 , where main geometric features are given [6] .
The heat §ux distribution at capsule stagnation point vs. velocity is reported in Fig. 3a , for cold wall boundary condition and di¨erent engineering relationships [2, 812] . The heat load corresponding to the heat §uxes of Fig. 3a shown in Fig. 3b . Only cold wall condition is reported because it is conservative with respect to radiative equilibrium wall condition as shown by the authors£ computation, for both conditions, of heat §ux vs. altitude.
REENTRY TRAJECTORY DISPERSION
The uncertainties that a¨ect the aerodynamic performances of the reentry vehicle result in the trajectory dispersion, as reported in Fig. 4 [5] . For example, for both ballistic and lifting reentry, it is shown that the trajectory dispersion due to an increasing and/or reducing of lift and drag coe©cients are of 10%, 20%, and 30%. Figure 4 Reentry corridor: 1 ¡ +10%; 2 ¡ +20%; 3 ¡ +30%; 4 ¡ −10%; 5 ¡ −20%; and 6 ¡ −30%
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HIGH ENTHALPY FLOWS
To appreciate the e¨ect of trajectory dispersion, a set of signi¦cant parameters, such as heat §ux, heat load, crossrange, and downrange, has been considered. Tables 1 to 3 give, for these parameters, the percentage variations, with respect to the nominal value, in correspondence to the percentage variations of the aerodynamic coe©cients. They refer to the three cases analyzed: ballistic entry (see Table 1 ), lifting entry varying C L and C D (see Table 2 ), and lifting entry keeping constant C L (see Table 3 ).
COMPUTATIONAL ANALYSIS
Several computational analyses of the §ow¦eld are performed to assess the effects of §ow chemistry on the capsule aerodynamics accuracy, by using viscous computations for perfect gas and for gas mixture with chemical nonequilibrium, in the case of continuum laminar regime hypothesis. The complete physical and mathematical model is detailed elsewhere [1315].
REACTION MECHANISMS
The accuracy of capsule AEDB markedly depends on the reaction mechanisms and chemical kinetics considered in the numerical computation. Considering that reentering from LEO, no §ow¦eld ionization takes place, the gas can be approximated as a ¦nite rate mixture of O 2 , N 2 , NO, O, and N species. In fact, in the hypersonic reentry §ow, the region under consideration, the gas temperature ranges between 20006000 K where negligible ionization occurs [2] .
Three dissociation reactions and two exchange reactions are generally considered as reaction mechanisms:
where M = N 2 , O 2 , NO, N, and O for a total number of 17 reactions [6] .
Note that NO plays an important kinetic role, although it may be present only in relatively small amounts, through the fast bimolecular exchange. In the next section, models with a number of 4, 8, 10, 12, and 15 reactions will also be analyzed. These models were obtained from the most complex model (set of 17 reactions) reported above, neglecting from time to time several reactions; see [13, 15] for more details.
The 4-reaction model can be presented schematically in the following way:
The 8-reaction system can be expressed in this way:
For the 10-reaction model,
The 12-reaction system can be presented schematically in the following way:
PROGRESS IN FLIGHT PHYSICS
The 15-reaction model includes the following reactions:
NUMERICAL RESULTS
Computations are carried out at the following freestream conditions both for air considered as perfect gas and as reacting mixture: H = 50 km; P inf = 79. Perfect gas simulations compared to reacting mixture simulations allowed to evaluate the entity of real gas e¨ects on capsule aerodynamics and aerothermodynamics. The §ow¦eld past the vehicle is shown in Fig. 5 , where the di¨erences in static temperature distribution and stando¨distance are evident between results for perfect gas and real gas computations (17 reactions). contours for the 17-and the 10-reaction cases is shown in Fig. 6 . It can be observed that temperature contours and stando¨distances are very similar.
The 12-reaction model di¨ers from that constituted by 10-reaction system because it counts NO as a collision partner in N 2 and O 2 dissociation reactions. Also, in this case, the collision reactions of NO are neglected. Figure 7 shows the comparison of the temperature contours between the 12-and 17-reaction systems.
In Fig. 8 , the diagrams of temperature distribution along stagnation line and convective heat §ux distribution over the capsule fore-body centerline are shown for the di¨erent reaction mechanisms herein analyzed: 4-, 8-, 10-, 12-, 15-, and 17-reaction systems plus the Zel£dovich system [13] . Figure 8a shows how the 4-reaction and Zel£dovich systems are characterized by nonequilibrium, 15-reaction system presents instead a trend similar to the 8-reaction system, the 10-and 12-reaction systems show, ¦nally, a trend of the temperature very similar to the 17-reaction system, con¦rming the analogy detected through the analysis done for the temperature contours. Curves tend to Figure 8b shows how the analogies detected in the temperature distribution along the stagnation line continue to be valid for the heat §ux surface distribution. So, it can be concluded that the 10-and 12-reaction systems are adequate also under the aerodynamic heating aspect.
ANALYSIS OF THE CAPSULE REENTRY TRAJECTORY DISPERSION
In Fig. 9 , the values of C D and C M (relative to the center of gravity, C.G.) for the di¨erent methodologies (Newtonian (N), modi¦ed Newtonian (MN), panel methods, CFD) and for the di¨erent reaction mechanisms are reported.
As one can see in Fig. 9 , the MN o¨ers in a preliminary phase a valid technique for the aerodynamic coe©cients determination. Less accurate are results obtained with PG (CFD with perfect gas) and with the VECC (viscous e¨ects on complex con¦gurations) panel method code. Now, the percentage error of C D can be determined, with reference to the value of the 17-reaction system through the CFD analysis, for each methodology analyzed, as reported on Tables 4 and 5 . In these tables, Table 1 is duplicated and grey color marked columns indicate where the errors for the di¨erent methods take place. Now, one can observe that the reentry corridor, determined at the beginning without the knowledge of the size order of mistakes depending on methodology and set of reactions used, was too wide. The areas were de¦ned by considering errors with a minimum variation in Tables 13 of 10% , while the maximum error is about 8%. So, it is necessary to rede¦ne the design limits: in Tables 68, a step of 2.5% was considered for the aerodynamics coe©cients variation. Now, the analysis of dispersion of the reentry trajectory, for the various methods and set of reactions, can be performed using the limits de¦ned in Tables 68.  The results are given in Tables 9 and 10 .
CONCLUDING REMARKS
The in §uence of the thermochemical model on the reentry trajectory of capsule vehicle has been discussed. From the results of the research activities, one can deduce that the percentage mistake (evalued relative to the results obtained with 17-reaction set used in the CFD simulations performed) committed in the determination of the AEDB with relation to the method used, falls in a range of about 10%. It has been also considered that an error in the range of 10% has an important impact on the crossrange and downrange as we can deduce from Tables 1 to 3 . In these tables, one can observe how an alteration of 10% on C D relative to the nominal conditions gives a variation of 20% on the crossrange and 5% on the downrange that means a mistake of about 40 km on the crossrange and about 150 km on the downrange, while the authors obtain a mistake of about 10 km on the crossrange and about 60 km on the downrange for a variation of 2.5% on C D .
The analysis performed comparing solutions obtained with di¨erent sets of reactions highlights how the simplest systems of reactions (4 and 8 reactions) are inadequate under the aeroheating aspect, having observed in these cases the thermal §ux in the stagnation point of about 4 · 10 5 W/m 2 for the 4-reaction system while a value of about 9 · 10 5 W/m 2 has been determined for the set of 17 reactions. The results associated to the 4-and 8-reaction systems, however, can be considered acceptable from an aerodynamic point of view (error on C D of about −3% for the set of 4-reaction system and −2% for the 8-reaction system), 10-and 12-reaction systems give minimum gap relative to the 17-reaction one for the both aspects (aerodynamic coe©cients and aeroheating).
This kind of analysis highlights the importance of the exchange reactions for the synthesis of NO and that they are predominant relative to the collision reactions of NO, having observed for the set of 15 reactions that accounts this kind of reactions, a departure under the thermodynamic and aerodynamic aspect
